Research on microclimate ventilation systems, which mostly involve free jets, points to delivery of better ventilation in breathing zones. While the literature is comprehensive, the influence of contaminant entrainment in jet flows and its implications on the delivery of supplied air is not fully addressed. This paper presents and discusses entrainment characteristics of a jet issued from a round nozzle (0.05 m diameter), in The present study examines a round free jet issuing from a smooth contracting nozzle and its application on microclimate ventilation systems, for example, personalized ventilation systems (individually controlled air distribution system aimed at improving the quality of inhaled air and the thermal comfort of each occupant), 9 particularly on entrainment of room ambient contaminants into the supply flow.
| INTRODUC TI ON
Jets, defined as the discharge of fluids from an opening into a larger body of the same or different fluid, 1 are widely used in engineering applications due to their fundamental characteristics. One such characteristic is the dependence of the flow behavior on the nozzle type or geometry. 2, 3 This dependence is critical in determining the choice of the nozzle type for specific engineering applications, see Mi et al 3, 7 and references therein. To illustrate, a pipe nozzle is simple to manufacture and issues a jet that emerges as a fully developed turbulent jet making it popular in many practical applications. Comparatively, jets issuing from smooth contracting nozzles have a low pressure drop in the supply pipe and the flow is predominantly laminar in the initial region which makes it favorable for wide industrial applications like burner nozzles and impingement cooling. 7 Jets issuing from rectangular/square nozzles, that is planar jets, are known to be more sensitive to disturbances near the orifice than elsewhere.
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The present study examines a round free jet issuing from a smooth contracting nozzle and its application on microclimate ventilation systems, for example, personalized ventilation systems (individually controlled air distribution system aimed at improving the quality of inhaled air and the thermal comfort of each occupant), 9 particularly on entrainment of room ambient contaminants into the supply flow.
It is worthwhile to consider the general effect entrainment has on air distribution in microclimate ventilation systems especially that the supplied air quality is dependent on it.
| Jet entrainment hypothesis
Entrainment, drawing in of surrounding fluid outside the flow boundaries into the main stream flow, 10 is an interesting jet flow characteristic as it results in increase in the jet mass flow rate with axial distance downstream. This consequently influences the jet outward spread and the decay of the axial velocity. 11 For example, jets issued from different nozzle configuration have different mixing effect.
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Therefore, depending on initial conditions, the interaction between the jet flow and the ambient will affect jet development with regard to vortex separation, roll up and pairing, free turbulence evolution, and viscous/inviscid interactions. 13, 14 This in turn will influence the rate of ambient entrainment into the jet.
A nozzle with diameter D has a mass flow rate Q(x) at any distance downstream defined as:
where ρ is the fluid density, V is the fluid velocity in the axial direction (x), and r is the radial distance from the jet centerline. If Q 0 is the initial mass flow rate (at the nozzle exit), experimental evidence shows that the ratio Q(x)/Q 0 is greater than unit and increases with downstream distance, which means that the jet entrains more fluids as it travels downstream. 15 Entrainment rate (E) can then be defined as the rate at which the jet mass flow rate grows with axial distance, 10 namely.
where ∞ is the density of the surrounding fluid, D is the nozzle diameter, 0 the jet flow density at exit, and C is the entrainment constant (determined experimentally). Equation (2) is the classical approach of universal similarity, which states that the jet flow forgets its initial conditions as it asymptotically attains a self-similar (or self-preserving) state and as such no dependence exits on the nozzle geometry. 7 Disagreement exists on whether the classical hypothesis is universal across nozzle configurations and whether it applies even in the initial region. Hill 16 noted that C increases non-linearly in the initial region and is different for the fully developed region, while Donald and Singer 17 found that C in the region x < 14D was not significantly different from the fully developed region. Falcone The same confusion is drawn on the influence of Reynold number and the global density ratio (ρ ∞ /ρ 0 ). Pitts found that the statistical behavior of the jet in the fully developed region is independent of the Reynold number (Re) and the (ρ ∞ /ρ 0 ). 18, 19 The same results were reported on the asymptotic state of the scalar field of a jet.
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Other researchers 7, 21 found the classical hypothesis to be flawed and recommended that it should be ignored. The works of Hussain and George were among those who earlier questioned the classical hypothesis.
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| Methods of estimating entrainment
The common method of determining entrainment flow is applying the integral solution (Equation 1) of streamwise velocity profiles at various downstream distances. 24, 25 The entrainment flow rate (Q e ) up to a point x downstream can be determined by the relationship.
or defined dimensionless as.
where Q x and Q 0 are corresponding flow rates at point x and the nozzle exit, respectively.
The major challenge is measurement uncertainties associated with low velocities (eg, at the tails of the radial velocity profiles), especially at large axial distances from the nozzle exit or at low Reynold numbers. 5 It is common to restrict the integral region within r = ±r 0.1 , where r 0.1 = 0.1 V 0 . This means flow regions that scale below 10% of the exit velocity value are excluded from the calculation. It is discussed that the results obtained with this arbitrary approach does not significantly differ to those obtained with velocities veered to zero. 26, 27 There are other methods that involve velocity measurements, like the quadrant analysis method that fragment fluctuating velocity components into four events to determine entrainment. This
Practical Implications
• Entrainment is an important factor that influence delivered air quality in microclimate ventilation systems.
• The study herein suggests and explores the entrainment mixing factor as a foundational concept to explain entrainment characteristics of air distribution diffusers in microclimate ventilation systems.
• The results illuminate on the importance of incorporating entrainment measurements when defining performance characteristics of microclimate ventilation diffusers.
• It is shown herein that initial conditions influence entrainment and thus critical values for optimal performance should be investigated and defined.
method is outside the scope of this paper but details for interested readers can be found in Wallace 28 and Viggiano et al 25 Another method that perhaps is more common in ventilation performance measurements pertains to tracing concentration in the jet flow. Challenges with this method include influence of global density ratios if the tracer is very different from the ambient fluid, or complexity in measurement of concentrations across the jet with minimal intrusion. Temperature has been used and discussed as a passive tracer in characterizing and understanding jet flows. 27, 29 Mi et al 7 gave a detailed discussion of studies 30, 31 that investigated the temperature field and made a general observation that the scalar field is more sensitive to differences in turbulence structures and jet exit conditions. Thus, the effect entrainment has on heat transfer in turbulent jets is quite pronounced. 27 In the current study, the radial temperature profiles were viewed as a distribution of a passive contaminant across the jet flow and the heat transfer into the jet axis was used as a representation of entrainment into the centerline defined as.
where ∆T e is the change in jet flow temperature difference between point x and the exit due to fluid entrainment, ∆T x and ∆T 0 are the corresponding local and exit centerline temperature differences in relation to the ambient temperature, respectively. Alternatively, one can estimate entrainment by tracing the heat flux across the jet flow, see Supporting information S1. 
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| Entrainment and ventilation flows
Depending on the desired ventilation goal, the problem of entrainment can vary from requirements of high to low entrainment. Traditional air distribution systems (eg, mixing ventilation)
have sought higher entrainment to increase the system dilution or mixing capacity. 1 Today, there is a call for a paradigm shift in indoor air distribution from total volume systems to microclimate systems, 35, 36 whose optimal operation (delivery of clean supply air) depends on low entrainment, for example, personalized ventilation systems. 37, 38 Earlier, we raised the importance of distinguishing between total volume ventilation systems (operate on dilution of room air 1, 39 ) in which high entrainment is sort after and microclimate ventilation systems that require low entrainment.
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Microclimate ventilation systems were described as delivery capacity systems because they seek to deliver as much of the supply conditions as possible to the occupants sitting or breathing zones. 37, 38 In this study, from here onwards, microclimate ventilation systems are referred to as delivery capacity systems.
A significant amount of research has been done on microclimate ventilation particularly on personalized ventilation systems, see
Melikov and references therein. 36 While the literature is comprehensive, the influence of contaminant entrainment in the jet flow and its implications on the delivery of supplied air is not fully addressed.
It is clear that pollution of the supply jet flow occurs in two phases with the initial being dependent on nozzle entrainment characteristics which occur as the jet develops and the second being due to the interaction of the jet flow and the human convective boundary layer. 37, 41 Substantial research 38, 41, 42 has been done to address the latter while, with the former, no fundamental studies exist in relation to microclimate air distribution albeit studies 37, 45, 46 that looked at diffuser designs that extend exit conditions further downstream.
The goal of the current study was to gain insight on the implications of entrainment into a basic round free jet in relation to distribution and delivery of air in microclimate ventilation systems. This understanding is critical and can be extended to help formulate design guidelines and performance testing of various types of delivery capacity diffusers. 37 To the authors' knowledge, no studies have yet emerged that propose incorporating entrainment as a performance measure in delivery capacity diffusers. Thus, there is an opportunity to re-explore methods of determining entrainment and consequently guidelines or performance testing methods regarding air distribution in delivery capacity systems.
This study offers a first step toward filling this gap.
| ME THODS
In the present study, two measurement fields were investigated as will be discussed in subsequent sections. Temperature was used as a marker to obtain insight on the scalar field of a round free jet in relation to entrainment behavior. Additional information was extracted from the PIV measurements to showcase the qualitative and quantitative response of the velocity field and entrainment characteristics, permitting assessment and comparison of dominant flow structures at different initial conditions.
| Measurements of the velocity field
Particle image velocimetry (PIV), 2 dimensional-2 components, 
| Experimental conditions
Five experimental cases listed in Table 1 
| RE SULTS AND D ISCUSS I ON
| The instantaneous velocity field
The instantaneous streamline contour plot showed distinctly different responses, see Figure 3 . As observed, the jet flow for Re 2541 was oscillatory and the flow disintegrated into the ambient within a short downstream distance from the nozzle exit, while Re 9233 and Re 12 026 had steadier jet flow with longer penetration distance before disintegration. The oscillating manner of the jet creates flow instabilities as also evidenced in an earlier study. 56 The main factor governing the resulting nature of the flow is the momentum flow
Momentum flow is critical in delivery capacity systems because it determines the jet penetration distance (practical distance to which the jet delivers the supply air satisfactorily). A weak momentum flow is undesirable because it requires occupants to be very close to the diffuser.
As observed in The bulk exit velocity presented here is determined by the relationship V 0 = 4Q/πD 2 , D is the nozzle diameter, and Q is the flow rate estimated through the orifice plate measurements.
| Mean temperature field
b
The values presented in parenthesis "()" are in ºC. The temperature measurements presented here are applicable only in the scalar field measurements.
TA
Lower Reynold numbers (Re 2541 and Re 4629) had slightly wider sweeps which may be attributed to increased mixing effect due to engulfment.
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A contour plot of the normalized temperature difference in In both the velocity and temperature fields, the results suggest that the influence of entrainment on the centerline velocity and temperature in the considered axial region increases with reduction in Reynold number. This will have implications on air distribution as will be discussed later.
| Centerline characteristics
| The spreading rate of the jet
Generally, the half-width is used as a representation of the jet spread and is defined as the width from the jet centerline to the point where the cross-section profile drops to half its centerline value. 26 In the F I G U R E 7 Cross-sectional temperature profile at Re 6537 highlighting mixing effect attributed to shear stress on layers of thermal core region F I G U R E 8 Contour plots of crosssectional temperature profile showing mixing effect on shear layers of thermal core region current study, the half-width was estimated by visually fitting a curve through the cross-sectional profiles of the mean velocity field ( Figure S2 ) and temperature plots ( Figure 6 ). Figure 11 
| Entrainment characteristics
Entrainment was determined by integrating graphically the mean cross-sectional velocity profiles. The velocity profiles were faired to 0.1 V 0 which was used as an arbitrary integral limit to minimize the effect of unreliable low velocities near the jet boundaries.
Applying Equation (4) of Reynold number in the initial region. Thus, the influence of entrainment is an important aspect that should be considered when designing delivery capacity systems, and it should be clear how much of the supply conditions a specified nozzle will deliver at a designated point. This can be expounded on by using the concept of a mixing factor due to entrainment.
| The entrainment mixing factor (f en-mix )
A global measure of the mixing between the jet and the ambient fluid can be estimated by the mixing factor. The mixing factor due to entrainment or simply put the entrainment mixing factor (f en-mix ) is defined as the amount of ambient air entrained divided by the local mass flow rate at position x 40 which is expressed as.
Equation (6) The entrainment mixing factor represents the ratio or percentage of room air mixed with the bulk jet flow at a respective point downstream. Figure 13 shows plots of the entrainment mixing factor as a function of downstream distance at different Reynold numbers, derived from velocity measurements, and based on Equation (6) . The mixing factor follows the entrainment characteristics of jet flow, with high entrainment (see Figure 12A ) exhibiting a high mixing factor. Likewise, there is a dependence on the Reynold numbers with an exception of Re 12 026, which has a high rate of mixing near the nozzle exit and reduces with increase in axial distance. In all cases, the axial distance is critical because the further off the nozzle exit the higher the mixing factor.
According to Figure 13 
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An index related to ventilation effectiveness (ε v ) is mostly used to assess and determine the quality of delivered air. 41, 45 Figure 14 shows a plot of ventilation effectiveness of centerline temperature measurements in the transitional region, defined by the ratio 
| Practical implications on delivery capacity systems
Low mixing between jet flow and ambient fluid is important and desirable in delivery capacity systems that use jets to deliver fresh air to the breathing point, which may usually be a few diameters 45 or much further 54 from the nozzle exit conditions. As shown herein, the concentration of room ambient conditions at a point in the jet will be determined by the mixing factor and the only way to deliver more supply conditions is to reduce entrainment. In the current study, the picture of entrainment portrays practical limitations that may have serious implications on the performance of delivery systems. For example, points close to the nozzle exit will have little entrainment of room contaminants as opposed to points further downstream. Therefore, to increase the quality of delivered air (supply air with minimal entrained contaminants), diffusers need to be placed very close to occupants which are the working principle of desk and headset personalized ventilation. 36 The problem here is that the spread of the jet is reduced near the nozzle exit as opposed to points further downstream and this will consequently limit beneficial supply flow within a small confined area. This implies the use of much larger nozzles which may be F I G U R E 11 Plot of half-width for temperature and velocity fields The results herein showed that Reynold number (defined by nozzle exit velocity herein) influenced flow stability (higher Reynold numbers sustained the flow further downstream) and entrainment rate, for example, increasing the Reynold number reduced entrainment rate of ambient conditions. The practical implication here is that delivery capacity systems will be optimal within a range of "moderate to high" Reynold numbers which will facilitate a longer and non-oscillating jet flow downstream. Additionally, as shown herein, these Reynold numbers will have a lower mixing factor since entrainment will be dominated by nibbling. Caution should be taken, and further investigation done as supplying at these "moderate to high" Reynold numbers and close to occupants may increase the risk of occupant thermal discomfort or problems associated with eye irritation and dry skin.
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| Limitations
The experimental setup and measurements were simplified to minimize the complexity of the study. For example, in this study, we assumed a unit density ratio (ρ ∞ /ρ 0 ) between the jet flow and the ambient. Practically, this is not the case as many ventilation jets and indoor air flows as well as natural jets interact under conditions of density differences, and are therefore buoyant. 67 In this study, the influence of buoyancy, inertial forces, and free convection on the jet flow was not considered. We assumed that this influence would be negligible since the jet temperature was lower than the ambient, the temperature difference between the jet and the ambient was small (4ºC), and the nozzle exit velocity was strong enough to offset any induced influence. If these factors are included, the results may differ.
We should also mention that temperature measurements involved an intrusion method which may also affect the obtained results. However, we tried to design the test rig to minimize the influence of intrusion at the measurement points. Another issue of interest is that we have tried to explain the results of the temperature field by analyzing the qualitative behavior of the flow using PIV measurements. It should be noted that PIV measurements were done under isothermal conditions to minimize errors and improving the quality of measurements, while temperature was done under dynamic temperature conditions (non-isothermal). Considering the small temperature used between the jet flow and the ambient under temperature measurements, we see this difference in setups to be insignificant. Thus, we hold the comparison and explanation associated with the two setups to be valid.
A critical limitation in the current setup is that it does not consider jet flow interactions with the human thermal boundary layer.
Studies have shown that the thermal boundary layer has a huge influence on the quality of inhaled air 41, 42 and has influence on the jet flow characteristics. 43 The focus of the current study was to assess ambient entrainment and system performance downstream, and thus, the influence and penetration of jet flow into the human thermal boundary layer were outside the scope. Additionally, the results reported herein apply to a nozzle projecting a jet vertically downwards; flow conditions may differ for horizontal jets like in desk-mounted personalized systems, as such further studies are recommended for horizontal jets. Overall, the current study and its results are limited by the setups and experimental conditions used herein.
| CON CLUS ION
The entrainment behavior of a round free jet issuing from a round contracting nozzle under conditions pertinent for air distribution in delivery capacity systems has been studied by exploring the temperature and velocity fields. Based on the setup and results presented herein, we conclude that entrainment characteristics are higher at low as compared to high Reynold numbers (the Reynold numbers are F I G U R E 1 3 Entrainment mixing characteristics of jet F I G U R E 1 4 Ventilation effectiveness defined by nozzle exit velocities herein) and conditions closer to the diffuser have much clean air with less contamination from room air than conditions far field. The delivery capacity of the smooth contracting axisymmetric round nozzle was found to be 70% (Re 2541), 81% (Re 4629, 6537, and 12 026), and 87% (Re 9233) at a delivery point of 8 diameter downstream. The practical implication is that delivery capacity systems may need to be operated with "moderate to high" Reynold numbers to benefit from the reduced entrainment mixing factor to deliver much cleaner air. Additionally, entrainment limits the target distance at which delivery systems may be effective. We recommend further studies to explore whether the findings herein are replicable and whether they are general to different nozzle configurations.
We suggest that when doing performance testing of delivery capacity diffusers, entrainment characteristics of the resulting jet should be explored. One way could be to assess and present the entrainment mixing factor of the nozzle, because different nozzle configuration will deliver different conditions at the breathing point. Here, we strongly emphasize on developing appropriate testing methods to test air distribution in delivery capacity systems, as applying traditional methods commonly used in dilution capacity systems may not accurately rate or estimate the system performance.
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